Regions of hypoxia are a hallmark of solid tumors. Tumor cells modulate the regulation of specific genes allowing adaptation and survival in the harsh hypoxic environment. We have identified SKIP3, a novel human kinase-like gene, which is overexpressed in multiple human tumors and is regulated by hypoxia. SKIP3 is an ortholog of the Drosophila tribbles, rat NIPK, dog C5FW, and human C8FW genes. Drosophila tribbles is involved in slowing cell-cycle progression during Drosophila development, but little is known regarding the function or tissue distribution of the vertebrate orthologs. We show that the normal tissue expression of SKIP3 is confined to human liver, while multiple primary human lung, colon, and breast tumors express high levels of SKIP3 transcript. Endogenous SKIP3 protein accumulates within 48 h under hypoxic growth conditions in HT-29 and PC-3 cells, with upregulation of the SKIP3 mRNA transcript by 72 h. We identified activating transcription factor 4 (ATF4) as a SKIP3-binding partner using the yeast-two-hybrid assay. Coexpression of SKIP3 and ATF4 showed that SKIP3 is associated with the proteolysis of ATF4, which can be blocked using a proteosome inhibitor. These results indicate that SKIP3 may be an important participant in tumor cell growth.
Introduction
The signaling pathways that drive tumor progression are varied and complex. As the size of a tumor increases, nutrients and oxygen become limiting within the tumor microenvironment. In response to localized nutrient deficiency, increased acidity, and hypoxia, specific signaling pathways are activated in tumor cells to regulate the transcription of genes promoting cell survival (reviewed in Fafournoux et al., 2000; Hockel and Vaupel, 2001; Lal et al., 2001) . Some of these transcription factors include the hypoxia-inducible factor 1a (HIF-1a) (reviewed in Semenza, 2000) , as well as stress and nutrient deficiency regulated genes, CHOP/ GADD153, C/EBPa, C/EBPb (Fafournoux et al., 2000) , the proto-oncogene c-myc (Yao et al., 1995) , and AP-1 transcription factors c-jun (Ausserer et al., 1994) and cfos (Yao et al., 1994) . Regulation of these transcription factors occurs at several levels, including upregulation of gene expression by the HIF-1 complex, modulation of protein stability, and selective binding to specific heterodimer partners such as members of the AP-1 and activation transcription factor (ATF)/CREB bZIP transcription factor families. Interestingly, specific members of the bZIP transcription factor family have, to date, not been implicated in tumor progression but are associated with responses to stress pathways, such as low levels of oxygen, the antioxidant response, and general cellular stress. One such bZIP family member is ATF4 (Estes et al., 1995; Gachon et al., 2001; He et al., 2001) .
Human ATF4, also known as CREB2, TAXREB67, and C/ATF, is a member of the ATF/CREB (activating transcription factor/cyclic AMP response element binding protein) family of basic region-leucine zipper (bZIP) transcription factors (for review see Hai and Hartman, 2001) . ATF4 transactivates the transcription of specific genes through binding to the cAMP response element (CRE) TAGACGTCA (Karpinski et al., 1992) . Multiple gene promoters have been identified as being transactivated by ATF4, including CHOP/GADD153 (Fawcett et al., 1999) , interleukin-2 CD28 response element (CD28RE) (Butscher et al., 1998) , and the adenomatous polyposis coli (APC) tumor suppressor-binding protein RP1 (Wadle et al., 2001) . The transcriptional selectivity of ATF4 is modulated by the formation of heterodimers with multiple C/EBP bZIP proteins including: CHOP/ GADD153 (Gachon et al., 2001) , C/EBPa (Nishizawa and Nagata, 1992) , C/EBPb, CRP2 (Vallejo et al., 1993) , and C/EBPg (Vinson et al., 1993) as well as AP-1 family members (fos and jun proteins) (Hai and Curran, 1991; Kato et al., 1999) . ATF4 also associates with Tax, a human T-cell leukemia virus type I transactivator (Reddy et al., 1997) , CREB-binding protein (CBP) (Liang and Hai, 1997) , and Zip kinase (Kawai et al., 1998) . Additionally, protein stability plays a role in modulating ATF4 function. For example, ATF4 binding with bTrCP, a F-box protein that is part of the E3 ubiquitin ligase complex, leads to ubiquitin-mediated degradation of ATF4 (Lassot et al., 2001) . Recently, an ATF4 mouse knockout has shown proliferative defects in the fetal liver, embryonic lens, hair follicles, and overall size of knockout mice, indicating an essential role for ATF4 in normal high-level proliferation in mice (Masuoka and Townes, 2002) . Although many ATF4 regulation factors have been identified, the question remains as to why ATF4 participates in multiple stress response and proliferation pathways in normal cells, and yet has not been implicated as being crucial for tumor cell progression.
The Drosophila tribbles gene was recently identified as a developmental cell-cycle brake that blocks mitotic progression in the mesoderm during early Drosophila gastrulation (Grosshans and Wieschaus, 2000; Mata et al., 2000; Seher and Leptin, 2000) . The tribbles protein has a high homology to serine/threonine kinases. Although tribbles contains almost all of the consensus amino acids that correspond to the kinase catalytic core, it is highly divergent through the consensus ATPbinding pocket (Seher and Leptin, 2000) . The function of the tribbles protein is to slow cell-cycle progression by inducing the degradation of the CDC25 activators of mitosis orthologs, String and Twine, during Drosophila gastrulation (Grosshans and Wieschaus, 2000; Mata et al., 2000) .
The mammalian orthologs of Drosophila tribbles (dog: C5FW, rat: NIPK, human: C8FW) have been identified in multiple species. In dog thyroid cells, the levels of C5FW protein have been shown to increase upon stimulation with thyrotropin or epidermal growth factor (Wilkin et al., 1997) . Expression of neuronal cell death inducible putative kinase (NIPK) is induced when rat neuronal PC6-3 cells are deprived of NGF (MayumiMatsuda et al., 1999) . A human partial protein, C8FW, was identified as a binding partner of 12-LOX in epidermoid carcinoma A431 cells (Tang et al., 2000) . Like tribbles protein, C5FW, NIPK, and C8FW proteins all appear to contain the consensus serine/ threonine kinase catalytic core, but lack a consensus ATP-binding pocket. No functional data have been reported for these proteins in mammalian cells, and little is known regarding their regulated expression.
In the present study, a novel human ortholog of Drosophila tribbles (SKIP3) was identified and cloned. SKIP3 is highly homologous to tribbles and the vertebrate tribbles orthologs. SKIP3 has a narrow normal human tissue expression, but is overexpressed in multiple human tumors and tumor-derived cell lines. Endogenous levels of SKIP3 mRNA and protein are increased under long-term hypoxic growth conditions, and the SKIP3 protein associates with ATF4 during the proteolysis of both proteins.
Results

Isolation of the SKIP3 cDNA clone
A Hidden Markov Model (Eddy, 1996) was used to search the Celera early access human genomic database to identify novel serine/theronine kinases. To determine whether the identified virtual sequences were differentially expressed in human tumor tissue, a PCR-based assay was designed to screen multiple matched pair normal versus tumor cDNA libraries for potential differential expression patterns. A specific band corresponding to one candidate gene was identified by nonlinear RT-PCR showing overexpression in multiple colon tumor samples when compared to matched normal colon samples (data not shown). This PCR fragment was full-length cloned and sequenced. Sequence homology occurred with multiple ESTs (Genbank Accession #NM021158, Unigene Hs.26802) as well as a recent full-length direct Genbank deposit, identified as SKIP3 (Genbank Accession #AF250311). The fulllength mRNA coding sequence is 1077 bases and is predicted to encode a 39.8 kDa protein.
Homology of SKIP3 with known proteins
SKIP3 has very high homology to several previously reported proteins (Figure 1 ), including rat NIPK (72%), dog C5FW (43%), a recent human full-length C8FW Genbank deposit, SKIP1 (42%), and Drosophila tribbles (21%). The highest area of conservation among this family of proteins occurs in the carboxy-terminal half of the proteins. In contrast, the tribbles' amino-terminal protein region is highly variant to the other family members, suggesting that some function of tribbles may vary from its vertebrate counterparts.
Kinase-like features of the SKIP3 protein
Much like the Drosophila tribbles, rat NIPK and dog C5FW, SKIP3 has significant sequence homology to several consensus kinase subdomains, but varies to a considerable degree at the predicted ATP-binding subdomains (Figure 2 ). The region of highest homology includes subdomains VIA-XI of the consensus protein kinase domain (Hanks and Hunter, 1995) . Interestingly, SKIP3 is highly variant throughout subdomains I-V, most notably in the ATP-binding pocket, including the glycine-rich loop in subdomain I, the nearly invariant lysine in subdomain II, the glutamic acid in subdomain III, and the valine-methionine motif of subdomain V. The kinase catalytic core of SKIP3 in subdomain VIB is not an exact match with the consensus, RDLKxxN, but instead replaces the asparagine with the basic residue arginine. Also, SKIP3 does not appear to contain either the DFG ATP orientation and transfer motif of subdomain VII nor the serine/threonine phosphorylation activation site of subdomain VIII. Overall SKIP3 contains the classic substrate-binding domains of a protein kinase, but lacks the ATP-binding and kinase-activation domains.
To date, neither SKIP3 nor any of the orthologs have been shown to have kinase activity. To determine SKIP3's ability to act as a kinase, we used SKIP3-myc from transiently transfected U2-0S cell lysates in in vitro phosphorylation kinase experiments with a-casein, b-casein, myelin basic protein, or histone H1 as potential substrates of many known serine/threonine kinases. Immunoprecipitated SKIP3-myc was combined with purified recombinant substrate and [g- 
Tissue distribution of SKIP3 transcript
Northern blot analysis was performed using full-length SKIP3 as a probe (Figure 3 ) to determine the tissue distribution of SKIP3 in normal human tissues and tumor-derived cell lines. The full-length 3.5 kb SKIP3 mRNA is most highly expressed in human liver, with very low expression in other tissues. All of the tumorderived cell lines analysed express SKIP3, with the chronic myelogenous leukemia K-562 having the highest expression. HeLa cell S3, colorectal adenocarcinoma SW480, and melanoma G-361 also expressed high levels of SKIP3 mRNA.
SKIP3
( Figure 1 Sequence comparison of SKIP3 protein with other known proteins having a high degree of similarity. Aligned are potential orthologs of SKIP3, including rat NIPK (Genbank Accession #BAA77582), dog C5FW (Genbank Accession #X99144), and Drosophila tribbles (Genbank Accession #AAF26374), as well as a highly related human family member, SKIP1/C8FW (Genbank Accession #AAK58174). Amino acids that are identical between all five proteins are marked in gray, and the consensus sequence is indicated in bold below the alignments SKIP3 is a novel tribbles-related gene AJ Bowers et al Figure 2 Alignment of SKIP3 kinase-like domain with known kinase domains. Alignment of the SKIP3 kinase-like domain with the protein kinase domains of several known functional kinases, PKC-alpha (Genbank Accession #P17252), STK2 (Genbank Accession #NP003148), and AMPK (Genbank Accession #P54646). Protein kinase subdomains are denoted above the alignment. Amino acids that are identical between all four sequences are marked in gray and the consensus sequence is indicated in bold below the alignments. SKIP3 has significant homology to the kinase substrate-binding domains of known kinases (subdomains VIA-XI) but is highly variant within the ATP-binding domains (subdomains I-V) B r a i n H e a r t S k e l e t a l M u s c l e C o l o n T h y m u s S p l e e n K i d n e y L i v e r S m a l l I n t e s t i n e P l a c e n t a 
Tumor association of SKIP3 transcript
To better define and expand the primary PCR screen, which showed an increase in SKIP3 expression in human colon tumors, human lung and colon tumor tissue samples were analysed for SKIP3 expression in comparison to normal human tissues. Northern blot analysis of SKIP3 mRNA expression in primary human tumor tissue shows that SKIP3 is overexpressed in specific tumor samples including lung adenocarcinoma and colon adenocarcinoma samples, while having a lower relative expression in normal human tissues (Figure 4) . Expanding upon the normal/tumor SKIP3 Northern blot analysis, real-time RT-PCR of SKIP3 across a wide range of tumors from multiple tissues indicates that SKIP3 is overexpressed in specific primary tumor types in comparison with normal tissues ( Figure 5 ). The breast tumors in the analysis had the highest relative overexpression of SKIP3 as well as the broadest expression of SKIP3 of the patient samples tested ( Figure 5 , upper left panel). These breast tumor types included infiltrating and noninfiltrating ductal carcinomas, lobular carcinoma, and mucinous adenocarcinoma. As determined by nonlinear PCR and Northern blot analysis, real-time RT-PCR of colorectal tumors also showed a broad overexpression of SKIP3 in tumor types including well to moderately differentiated adenocarcinoma, and colon and rectum adenocarcinomas with metastases to the lymph nodes ( Figure 5 , lower left panel). SKIP3-overexpressing lung tumors included only squamous cell carcinomas and a giant cell carcinoma ( Figure 5 , upper right panel) although multiple lung adenocarcinomas and keratinizing squamous cell carcinomas were examined. In comparison with breast, colon and lung tumors, uterine and ovarian tumors express SKIP3 at lower relative levels ( Figure 5, lower right panel) . Within the uterine-ovarian tumor sample group, the highest SKIP3-expressing tumor types included uterine moderately to poorly differentiated adenocarcinomas, a uterine malignant mixed Mullerian tumor, and ovarian adenocarcinomas.
To confirm that SKIP3 expression is localized specifically to tumor cells in situ hybridization was performed. A full-length SKIP3 probe was used for in situ hybridization (ISH) in multiple primary human tumor tissues. Analysis reveals localized SKIP3 expression to specific tumor cells, while surrounding normal tissues show only background hybridization ( Figure 6 ). SKIP3 localizes to specific areas in both lung and colon tumors (Figure 6a To better understand the expression pattern of SKIP3 in primary human tumors, as well as define an experimental system to study SKIP3 expression, ISH was used to analyse SKIP3 expression in human tumor xenografts. HT-29 human colorectal adenocarcinoma cells and PC-3 human prostate adenocarcinoma cells were grown subcutanously in nude mice to a volume of 500 mm 3 . Tumors were harvested, sectioned, stained, and probed by ISH for SKIP3 expression (Figure 7a-d) . SKIP3 is expressed throughout the HT-29 and PC-3 tumor samples. While SKIP3 is highly expressed in a large percentage of the PC-3 cells (Figure 7c ), the expression of SKIP3 is more localized in the HT-29 xenograft (Figure 7a ). Although the SKIP3 ISH patterns of both the primary human tumors and the tumor cell xenografts show a specific localized pattern of hybridization, the pattern of SKIP3 expression in the HT-29 xenograft (Figure 7a , yellow arrowheads) appears to be proximal to a region of cell death (Figure 7a, black arrowheads) . In the HT-29 xenograft, BrdU-positive cells localized distal from the SKIP3-positive cells (Figure 7b , red arrowheads), indicating that SKIP3 expression does not correlate with cell proliferation. Also for the HT-29 xenograft, we identified the area of cell death (Figure 7a and b, black arrows) as undergoing apoptosis by both the nuclear staining pattern by H&E and the hematoxylin counterstain on the BrdU sections (data not shown). Thus, SKIP3 expression in the HT-29 xenograft localized to a periapoptotic region.
Endogenous regulation of SKIP3 in tumor cell lines
In past studies, HT-29 cells have been shown to undergo apopotosis when exposed to hypoxia (Yao et al., 1995) . We hypothesized that the periapoptotic region in the HT-29 xenograft may have contained cells underging a hypoxic response. Expression of SKIP3 was very high in this region and the cells were neither proliferating nor undergoing apoptosis, but instead were located proximal to an apoptotic region. To test this hypothesis, HT-29 and PC-3 cells were cultured under hypoxic conditions for 0, 24, 48, and 72 h to determine if SKIP3 is upregulated at the transcript or protein level under hypoxia. For both HT-29 and PC-3 cells, SKIP3 mRNA expression increases after 72 h under hypoxia (Figure 8a ). SKIP3 protein levels begin to increase by 48 h for both HT-29 and PC-3 cells and remain elevated at 72 h (Figure 8b ). This is in contrast to SKIP3 protein levels from cells under normoxic conditions that maintain SKIP3 protein at a steady level. Interestingly, many genes that are known to be regulated under hypoxia, such as HIF-1a, VEGF, NDRG1, and carbonic anhydrase (Lal et al., 2001) , have been shown to be upregulated at both the transcript and protein levels within 24 h of exposure to hypoxic conditions. The relatively late initiation of expression and protein accumulation of SKIP3 under hypoxia indicates that SKIP3 may be downstream in the hypoxic response pathway relative to the classical hypoxia-activated genes.
Interaction of SKIP3 with ATF4
To begin to understand the functional role of SKIP3 protein in human cells, a yeast-two-hybrid analysis was carried out using full-length SKIP3 fused to a Gal-4 DNA-binding domain as the bait and a cDNA library from normal human liver cells fused to the Gal-4 activation domain as the prey. A human liver cDNA Figure 5 SKIP3 mRNA is overexpressed in multiple primary human tumors as compared to normal tissue. Real-time RT-PCR was performed on total RNA samples from either normal human tissue or primary human tumor tissues. Normal tissue includes samples from both nondisease containing organs as well as normal tumor-adjacent tissue. All values are normalized against 18S rRNA relative transcript levels. P-value confidence was calculated using an unpaired comparison t-test of the mean difference of normal and tumor SKIP3 transcript levels from each organ; n ¼ 2 SKIP3 is a novel tribbles-related gene AJ Bowers et al library was chosen because of the increased SKIP3 expression in normal human liver seen by Northern blot analysis. A total of 200 positive colonies were screened and the library inserts were sequenced. In total, 60% of the positive colonies contained the full-length coding sequence for basic region-leucine zipper transcription factor ATF4/CREB2 (Genbank Accession NM001675), 30% contained a 5 0 truncated ATF5/ATFx (Genbank Accession NM012068) that was missing the first 171 nucleotides of the gene but was otherwise inframe and intact, and 10% contained cryptic sequence.
Transient overexpression and coimmunopreciptiation of SKIP3 and ATF4 in U2-0S cells was performed to confirm the yeast-two-hybrid result and investigate the interaction of SKIP3 and ATF4 (Figure 9 ). Cells were transfected with SKIP3 fused to the myc epitope (SKIP3-myc), ATF4 fused to the HA epitope (ATF4-HA), or SKIP3-myc and ATF4-HA in combination. Transfected cells were treated with the proteasome inhibitor MG132 as indicated. Transfection efficiency was 30-35% as monitored by cotransfection of a GFP encoding vector (data not shown). Cotransfection of SKIP3 with ATF4 resulted in the reduced expression of both proteins by Western blot (Figure 9a, lane 7) . Treatment with the proteasome inhibitor MG132 restored the levels of both proteins in the cotransfection, consistent with the idea that SKIP3 and ATF4 reduction was a result of proteolysis (Figure 9a, lane 8) . This result was also replicated with a second proteasome inhibitor, lactacystin (data not shown). Thus, SKIP3 and ATF4 transfected alone are not targeted for degradation, but upon cotransfection the levels of both the proteins are reduced. 
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Although we observed a decrease in the levels of SKIP3-myc and ATF4-HA proteins when cotransfected (Figure 9a , lane 7 and Figure 9b , upper two panels), upon coimmunoprecipitation, the anti-HA antibody was able to coprecipitate SKIP3-myc (Figure 9b , lower panel). The reverse coimmunoprecipitation of ATF4-HA using anti-myc as the precipitating antibody and Western blotting with anti-HA was attempted; however, nonspecific binding of the anti-HA antibody to the heavy chain of the precipitating anti-myc antibody obscured any potential ATF4 banding pattern by Western blot (data not shown). Thus, despite the decreased protein levels of SKIP3 and ATF4 in the cotransfection, we were able to confirm the yeast-twohybrid results and demonstrate that SKIP3 and ATF4 interact under transient transfection conditions in U2-0S cells. This interaction appears to change the protein stability of both SKIP3 and ATF4.
Interestingly, Drosophila tribbles has been shown to interact with and activate the proteolysis of a Drosophila ATF-C/EBP basic region-leucine zipper transcription factor family member, slbo, using similar overexpression and coimmunoprecipitation studies (Rorth et al., 2000) .
It appears that a SKIP3-bZIP transcription factor interaction has been conserved in Drosophila and humans in both binding ability and activation of proteolysis. This is consistent with the importance of protein stability in the regulation of the SKIP3 family of kinase-like proteins.
Discussion
SKIP3 is a new member of the kinase-like Drosophila tribbles family. These proteins encode the consensus sequence for a serine/threonine catalytic core, but do not contain a classical ATP-binding pocket nor have they been shown to possess enzymatic activity. Despite the lack of tribbles kinase activity, in past studies, the invariant lysine 266 of the putative kinase catalytic core of tribbles was mutated to an arginine to define if these residues contributed to nonkinase tribbles activity. This mutation in tribbles did not change its functional activity (Grosshans and Wieschaus, 2000) , indicating that the putative serine/threonine kinase catalytic core is not required for tribbles function. Similarly, in this study, SKIP3 was shown to lack kinase activity using several traditional serine/threonine kinase substrates. Thus, SKIP3 is most likely not a kinase, or does not function as what is currently thought of as a classical kinase. Without SKIP3 kinase activity, the question remains as to the function of SKIP3 in human cells. To begin to address this question, we examined the data that exist for the SKIP3 orthologs. Very little is known about the function of SKIP3 orthologs in vertebrate cells. Rat NIPK expression is upregulated under NGF depletion stress conditions in rat neuronal cells (Mayumi-Matsuda et al., 1999) . C8FW, originally identified as a partial protein, was recently deposited in Genbank as a fulllength clone named SKIP1. C8FW/SKIP1 was shown to bind to the arachidonic acid metabolizing enzyme 12-LOX. Interestingly, 12-LOX has been shown to be overexpressed in human cancer tissue (Tang et al., 2000) . With SKIP3 and C8FW/SKIP1 having such a high degree of homology, and SKIP3 showing a broad tumor expression pattern, it would be interesting to know the tumor expression profile of C8FW/SKIP1, as well as whether C8FW/SKIP1 binds to ATF4 or other ATF family members.
With only limited functional data for SKIP3, and the vertebrate orthologs of SKIP3, we focused on the data that exist for Drosophila tribbles to help infer function for SKIP3. Tribbles has been termed a cell-cycle brake, and has been shown to be essential for blocking mitosis in the Drosophila mesoderm during early gastrulation (Seher and Leptin, 2000) . Tribbles initiates a delay in ventral furrow formation when overexpressed in the Drosophila zygote, inhibits mitosis following microinjection of tribbles mRNA in cleavage stage Drosophila embryos (Grosshans and Wieschaus, 2000) , and slows progression through G2 when overexpressed in Drosophila imaginal disc cells (Mata et al., 2000) . This G2 slowing can be reversed when the Drosophila CDC25 ortholog, string, is coexpressed with tribbles. Interestingly, tribbles is able to bind to string and activate its proteolysis (Mata et al., 2000) . Tribbles has also been shown to bind slbo, a C/EBP bZIP Drosophila transcription factor, and activate slbo proteolysis through ubiquitination. Thus, the data show that tribbles is able to slow the progression of the cell cycle during development in Drosophila. We can infer that SKIP3 may also have the ability to slow the progression of proliferating cells.
In our study, the Drosophila tribbles-slbo binding and proteolysis data has been replicated using the mammalian ortholog, SKIP3. Yeast-two-hybrid analysis from a human liver library showed that SKIP3 binds to the bZIP transcription factor ATF4. Interestingly, as in the Drosophila studies, treatment with a proteosome inhibitor blocks the degradation of ATF4, consistent with the idea that the reduction in SKIP3 and ATF4 proteins is through proteolysis. These data directly correlate with the binding and proteolysis of Drosophila tribbles and slbo and indicate that the binding of tribbles family SKIP3 is a novel tribbles-related gene AJ Bowers et al members to bZIP transcription factors is a response pathway that has been conserved from Drosophila to vertebrates. The question remains as to the participation of ubiquitin in this process, although one can infer from the tribbles-slbo data that the SKIP3-ATF4 degradation may be ubiquitin mediated. An ATF4 Drosophila ortholog has been identified as cryptocephal (crc) (Hewes et al., 2000) . It would be interesting to know whether crc binds to tribbles in a functional manner in Drosophila similar to what has been observed here with SKIP3 binding to ATF4 in mammalian cells. Previously, ATF4 has been shown to be activated under stress conditions (Novoa et al., 2001) , and is able to enhance the transcription of multiple cellular stress response proteins. ATF4 has also been shown to be degraded by the E3 ubiquitin ligase SCF-bTrCP in HeLa cells, although the reasons behind the degradation have yet to be identified (Lassot et al., 2001) . We show here that SKIP3 is associated with the proteolysis of ATF4. It would be interesting to know if SKIP3 is also a necessary participant in the proteolysis of ATF4 by SCF-bTrCP. It is interesting to note that no mammalian orthologs of Drosophila CDC25 string and twine were found by yeast-two-hybrid analysis of SKIP3. This may be because of the human liver cDNA bait library that was chosen for the SKIP3 yeast-two-hybrid. Normal human tissue expression analysis had shown that SKIP3 was highly expressed in human liver tissue, and so a liver cDNA bait library was chosen for the yeast-two-hybrid. In the future, analysis of SKIP3 in a yeast-two-hybrid using a cDNA library derived from tumor tissue or tissue in which stress pathways are induced would be of value. SKIP3 and ATF4 may interact differently under disease conditions or stress conditions, and additional functional binding partners may interact with SKIP3, including CDC25, or other bZIP family members.
ISH analysis of SKIP3 determined that SKIP3 expression is localized throughout both primary human tumors and human tumor xenografts. The PC-3 xenograft had broad pockets of SKIP3 RNA expression, while the HT-29 xenograft showed more localized and defined regions of SKIP3 expression. In the HT-29 xenograft, SKIP3 localized to periapoptotic regions, in which the cells were neither proliferating nor undergoing apoptosis. We hypothesize that SKIP3 may be functioning in a response to hypoxia since this region was proximal to a region of cells undergoing apoptosis and et al., 2001) . Combining these data with our observations of late-stage hypoxic expression of SKIP3 and high levels of SKIP3 expression in PC-3 xenografts, we suggest that SKIP3 functions downstream of the HIF1 transcriptional activation pathway. In this study, the questions of why tumor cells upregulate SKIP3 and why dual expression of SKIP3 and ATF4 activates the reduction of both proteins, remain. ATF4 has not been implicated in tumor progression, but yet is known to participate in both stress response and proliferation pathways (Hai and Hartman, 2001; Masuoka and Townes, 2002) . If SKIP3 functions in a similar manner to Drosophila tribbles, it is possible that tumor cells activate the expression of SKIP3 to slow down cell-cycle progression and reduce the action of stress-induced genes, namely through the reduction of ATF4 protein levels. The tumor cells may be activating this pathway to provide the cell time to cope with hypoxic stress. Our hypothesis is that SKIP3 is upregulated in hypoxic tumor cells to decrease the ATF4 levels, thereby downregulating the stress signal, slowing the cell cycle and giving the tumor cell time to adapt to its harsh environment. This hypothesis is bolstered by the fact that SKIP3 is upregulated relatively late in cells exposed to hypoxic conditions. Early in hypoxia, tumor cells upregulate transcription factors such as HIF-1a to begin production of proteins that will allow the tumor cell to survive. This includes the establishment of a blood supply through the HIF1a-induced expression of VEGF. As the hypoxic response progresses, the tumor cell must induce factors that will keep it from undergoing apoptosis. One of these factors may be SKIP3.
Materials and methods
SKIP3 cloning
A Hidden Markov Model (Eddy, 1996) built against known serine/threonine catalytic cores was used to query the Celera human genomic database. A putative kinase-like fragment was identified and PCR primers were designed; 5 0 -TGGTGCT GGAGAACC TGGAGG-3 0 and 5 0 -CGAGTCCTGGAA GGGGTAGTG-3 0 . These primers were used to screen the human lung Rapid-Screen Arrayed cDNA Library Panel (Origene Technologies, Rockville, MD, USA) for the fulllength SKIP3 cDNA. The positive full-length SKIP3 clone was three-way sequence walked for confirmation. The sequence obtained has a 99% sequence identity to a direct Genbank submission, SKIP3, (Genbank accession #AF250311), and was used in all subsequent experiments and alignments. Our SKIP3 amino-acid sequence differs slightly from the SKIP3 Genbank direct submission, namely, the valine at position 114 is replaced by a leucine in our sequence as well as the aspartic acid at position 194 is instead a glutamic acid. Also, the glutamic acid at postion 196 and the lysine at position 197 in the Genbank SKIP3 direct submission are nonexistent in our SKIP3 sequence.
Northern blots
The human multiple tissue Northern blot and cancer cell line multiple tissue Northern blot (Clontech, Palo Alto, CA, USA) as well as the lung and colon human single-tumor mRNA multi-sample Northern blots (Biochain, San Leandro, CA, USA). SKIP3-radiolabled hybridization probe was generated using full-length SKIP3 cDNA (nucleotides 1-1077) with High Prime cDNA labeling kit (Roche Diagnostics, Indianapolis IN, USA) according to the maunfacturer's instructions. Blots were prehybridized with 10 ml UltraHyb (Ambion, Austin, TX, USA) at 421C for 3 h, hybridized with radiolabeled SKIP3 cDNA for 18 h, washed for 15 min four times at room temperature with wash buffer 1 (2 Â SSC, 0.05% SDS) followed by two washes at 501C with wash buffer 2 (0.1 Â SSC, 0.1% SDS). The blots were exposed to a phosphorimaging screen for 24 h and visualized on a phosphorimager (Molecular Dynamics) at 100 mm resolution.
Real-time RT-PCR
Total RNA samples from normal human and primary human tumor tissues were purchased directly from suppliers; Biochain (San Leandro, CA, USA), Clontech (Palo Alto, CA, USA), and Ambion (Austin, TX, USA). Total RNA samples were adjusted to 5 ng/ml. Real-time PCR was carried out using SKIP3 primers 5 0 -CGGCTACCACATCCAAGGA-3 0 , 5 0 -GCTGGAATTACCGCGGCT-3 0 , and a probe of 5 0 -ETG CTGGCACCAGACTTGCCCTCX-3 0 , where E represents 6-FAM and X represents TAMRA. For normalization, the primers to 18S rRNA were 5 0 -AATCCTTGAAGGAAATGA-CATTGAG-3 0 , 5 0 -TCCTTGTTTTTAACTGTTGTGGCTT-3 0 and a probe of 5 0 -ETTGTTTCAAATTCAGCGGCTTT-GATTCAGX-3 0 , where E represents 6-FAM and X represents TAMRA. Real-time RT-PCR was performed in a 50 ml reaction with 25 ng sample total RNA using the one-step RT-PCR master mix reagent (Applied Biosystems, Foster City, CA, USA) on an ABI Prism 7700 sequence detector (Perkin-Elmer, Wellesley, MA, USA). Samples were run in duplicate and normalized to the relative transcript level of 18S rRNA. P-value confidence was calculated using an unpaired comparison t-test of the mean difference of the 18S rRNA normalized normal and tumor SKIP3 transcript levels from each organ.
Xenografts and ISH
HT-29 and PC-3 human tumor cells were grown as xenografts in nu/nu mice by injection of 5 Â 10 6 cells into the right flank. At 1 h being prior to killed, each animal received an intravenous injection of bromodeoxyuridine (BrdU) (Aldrich Chemical Co., Milwaukee, WI, USA), 50 mg/kg body weight. Tumors grew to about 500 mm 3 and were harvested and fixed for histological and in situ analysis. A g-33 P-labeled antisense RNA probe corresponding to full-length SKIP3 (nucleotides 1-1077) was hybridized to 5 mm thick sections of paraffinembedded tissue followed by RNase digestion and a high stringency wash as previously described (Wilcox, 1993) . Signal was detected by emulsion autoradiography, then sections were counterstained with hematoxylin and eosin (H&E) and photographed using darkfield illumination.
Assessment of proliferating cells using anti-BrdU
Paraffin sections adjacent to those used for ISH were incubated with a rat anti-BrdU antibody (Harlan Sera Lab) followed by biotinylated rabbit anti-rat secondary antibody (DAKO Corp. Carpenteria, CA, USA), then peroxidase-linked avidin-biotin complex (Vector Labs, Burlingame, CA, USA) detected with diaminobenzidine/H 2 O 2. Sections were counterstained with hematoxylin.
Tissue culture and hypoxic treatment
Human HT-29 colorectal adenocarcinoma cells (ATCC# HTB-38), PC-3 prostate adenocarcinoma cells (ATCC# CRL-1435), and U-2 0S osteosarcoma cells (ATCC HTB-96) were obtained from American Type Culture Collection (Rockville, MD, USA). All cell lines were propagated as per the manufacturer's instructions unless otherwise noted. Hypoxic growth was induced in a Bactron Anaerobic Chamber (Sheldon Manufacturing Inc.) under 0.5% O 2 , 5% CO 2 and 94.5% N 2 at 371C. The MG-132 proteasome inhibitor (Calbiochem, San Diego CA, USA) was dosed for 18 h at 10 mm.
SKIP3 antibody generation
Polyclonal antibodies were generated by immunizing rabbits with synthetic peptides (KLH coupled) corresponding to three different regions within SKIP3, amino acids 20-43, 69-93 and 326-349. Antibody purification was performed using Immunopure Protein A/G (Pierce, Rockford, IL, USA). The three purified antibodies were used to probe Western blots in an equal-volume ratio.
Plasmids
The SKIP3 myc-tagged mammalian expression vector was generated by first PCR modification of full-length SKIP3 with primers 5 0 -GCCCTTACGACCATGGGAGATGCGAGCC-3 0 and 5 0 -ATCTGCGGCCGCGCCATACAGAACCACT TC-3 0 to insert NcoI and NotI restriction sites into the 5 0 and 3 0 ends of the full-length SKIP3 cDNA, respectively. T/A cloning (Invitrogen, Carlsbad CA, USA) was used to aneal and amplify the fragment as per the manufacturer's directions. The modified product was digested with NcoI and NotI and subcloned into pCMV-myc-cyto (Invitrogen, Carlsbad CA, USA). For the yeast-two-hybrid pGBKT7-SKIP3 GAL4 DNA-binding domain fusion, SKIP3 was PCR modified from pCMV-SKIP3-myc with the primers 5 0 -TGGCCACCATGG-CATATGCGAGCCACCCCT-3 0 and 5 0 -TTTTGGATCT GGTCGACCGCCATACAGAAC-3 0 to insert NdeI and SalI sites into the 5 0 and 3 0 ends of the full-length SKIP3 cDNA, respectively. T/A cloning (Invitrogen, Carlsbad CA, USA) was then used to aneal and amplify the fragment as per the manufacturer's directions. The modified product was then digested with NdeI and SalI and subcloned into pGBKT7 (Clontech, Palo Alto, CA, USA). pCMV-HA-ATF4 was generated by first full-length PCR cloning ATF4 from the human liver Marathon cDNA library (Clontech, Palo Alto, CA, USA) using the primers 5 0 -TTCGAATTAAGCA-CATTCCTC-3 0 and 5 0 -ATGACCGAAATGAGCTTCCT-3 0 . The PCR fragement was T/A cloned and amplified using the primers 5 0 -GCCCTTTTCGTCGACAGCACATTCCTC-GAT-3 0 and 5 0 -GAATTCGGCGGCCGCCTAGGG-GACCCTTTT-3 0 to insert SalI and NotI restriction sites into the 5 0 and 3 0 ends of the ATF4 cDNA, respectively. The PCR fragement was T/A cloned and amplified, then digested with SalI and NotI and subcloned into pCMV-HA (Clontech, Palo Alto, CA, USA).
Two-hybrid screen
Saccharomyces cerevisiae AH109 was transformed with pGBKT7-SKIP3 and mated to MatchMaker Y187 pretransformed liver cDNA library (Clontech, Palo Alto, CA, USA). X-a-gal-positive transformants were selected according to the manufacturer's instructions.
Transient transfections
For all transient transfections, 2 Â 10 5 cells were plated per well of a six-well plate and grown for 24 h. A 2.25 mg weight of the indicated plasmid DNA was transfected along with 0.25 mg Green Lantern GFP DNA (Invitrogen, Carlsbad CA, USA), to assess transfection efficiency, for 24 h with FuGENE transfection reagent (Roche Diagnostics, Indianapolis, IN, USA) according to the manufacturer's instructions. Cells were grown for an additional 24 h and harvested.
Immnoprecipitations and Western blotting
Cells were harvested by washing one time with PBS and incubating with TG buffer+1% IGEPAL (TG buffer: 1% Triton X-100, 10% glycerol, 20 mm HEPES, pH 7.2, 100 mm NaCl, 10 mm NaF, 10 mm Na 3 VO 4 , 1 tablet Complete Protease Inhibitor (Roche Diagnostics, Indianapolis IN, USA) per 25 ml and Pefabloc (Roche Diagnostics, Indianapolis, IN, USA)) for 10 min at 41C. Cells were scraped and cell debris was pelleted at 3000 g for 5 min. The supernatant was incubated with 6 mg of the indicated antibody for 1 h at 41C, 50 ml of ImmunoPure Protein A/G (Pierce, Rockford IL, USA) was added and incubated for 30 min at 41C. The reaction was washed three times in TG buffer+1 m NaCl and one time in TG buffer alone. The precipitations were heated at 1001C for 5 min with 100 ml sample loading buffer (125 mm Tris HCl, pH 6.8, 5% SDS, 20% glycerol, 12% bromophenol blue, 5% 2-mercaptoethanol), centrifuged and loaded directly onto 12% SDS-PAGE gels to resolve total protein. Proteins were transferred to Protran nitrocellulose (Schleicher and Schuell) blocked for 1 h in 5% powdered milk+1 Â PBS+0.2% Tween. A 6 mg weight of the indicated antibody was incubated with the blot overnight at 41C. The blots were developed using the Vectastain kit (Vector Laboratories, Burlingame, CA, USA) as per the manufacturer's instructions and the Renaissance Western blot chemiluminescence reagent kit (NEN, Boston, MA, USA).
